Introduction
Of the twenty standard proteinogenic amino acids that are found in nature few are as important as arginine. This essential amino acid is found at many protein interaction surfaces (Crowley and Golovin 2005; Rohs et al. 2010 ) and has been identified in numerous enzymatic active sites (Casey et al. 2014; Friedt et al. 2014; Zeymer et al. 2016 ) and substratebinding pockets (Goldschen-Ohm et al. 2011; Gargaro et al. 1996) . The importance of the arginine side-chain for protein functions stems from its terminal guanidinium group that is the most basic moiety of the three positively charged amino acids. The high pK a (~ 14) (Fitch et al. 2015) of the guanidinium group renders the arginine side-chain positively charged at all physiologically relevant pHs (Harms et al. 2011) and thereby provides nature with a reliable means of placing a positive charge at virtually any point within a protein structure. An important feature of the arginine guanidinium group is that the positive charge is delocalised and the arginine side-chain is therefore capable of an impressive range of hydrogen bonds and ionic interactions. These interactions include bidentate salt bridges with carboxylates and phosphates, cation-π interactions with aromatic rings and hydrogen bonding with the side-chain groups of aspartic and glutamic acids as well as with backbone carbonyl oxygens (Borders et al. 2008; Nieto et al. 1997) .
Solution state nuclear magnetic resonance (NMR) spectroscopy is well positioned to characterise the interactions formed by arginine side-chains due to the atomic resolution the technique can provide. Protein side-chains and their interactions are inherently dynamic and whilst NMR spectroscopy is considered suitable for the study of such systems, it is often the case that dynamic processes obscure the underlying information (Kleckner and Foster 2011) . For example, the NMR signals of interest are often severely Abstract Arginine side-chains are often key for enzyme catalysis, protein-ligand and protein-protein interactions. The importance of arginine stems from the ability of the terminal guanidinium group to form many key interactions, such as hydrogen bonds and salt bridges, as well as its perpetual positive charge. We present here an arginine 13 C ζ -detected NMR experiment in which a double-quantum coherence involving the two 15 N η nuclei is evolved during the indirect chemical shift evolution period. As the precession frequency of the double-quantum coherence is insensitive to exchange of the two 15 N η ; this new approach is shown to eliminate the previously deleterious line broadenings of 15 N η resonances caused by the partially restricted rotation about the C ζ -N ε bond. Consequently, sharp and wellresolved 15 N η resonances can be observed. The utility of the presented method is demonstrated on the L99A mutant of the 19 kDa protein T4 lysozyme, where the measurement of small chemical shift perturbations, such as one-bond deuterium isotope shifts, of the arginine aminebroadened when states are interconverting with rates that are comparable to the difference in chemical shift between the exchanging states. A specific example is encountered for the terminal -N η H 2 amines of the arginine side-chain (Yamazaki et al. 1995; Yoshimura et al. 2017; Henry and Sykes 1995) . The partial double-bond character of the C ζ -N ε bond in the guanidinium group causes a decrease in the rotational frequency about this bond, which leads to significant exchange-broadening of the NMR signals associated with the 15 N η nuclei (Nieto et al. 1997) . Moreover, the -N η H 2 amine protons often exchange rapidly with the bulk solvent at physiological pH (Henry and Sykes 1995) . Thus, the interconversion of the two 15 N η nuclei combined with the exchange of the amino protons with the bulk solvent often result in 1 H η -15 N η NMR correlations that are so broad that very limited information can be gleaned.
The line broadening induced by chemical exchange is reduced when the difference in chemical shift between the exchanging sites, Δω, is reduced (McConnell 1958; Hansen and Led 2003) . Many NMR experiments have been developed over the last few decades to manipulate the effective line broadening of chemically exchanging nuclei in a quantitative manner by reducing the effective chemical shift difference (Palmer 2014; Korzhnev et al. 2008; Farber and Mittermaier 2015; Hansen et al. 2008; Zhuravleva et al. 2008; Carr and Purcell 1954; Palmer and Massi 2006) . Also, different line broadenings are generally observed for zero-, single-, double-and triple-quantum coherences of a spin system, because these coherences have different precession frequencies and therefore different Δω (Yuwen et al. 2016; Orekhov et al. 2004; Pervushin et al. 1999) . A major motivation of the presented work is to characterise the interactions formed by arginine side-chains by generally allowing for an observation of the 15 N η chemical shifts. Rather than quantifying the chemical exchange, as has been done previously (Henry and Sykes 1995; Gerecht et al. 2017) , our focus here is to eliminate the effects of chemical exchange in order to obtain NMR correlation spectra of arginine 15 N η nuclei. Below we describe an experiment based on 13 C detection and the evolution of a double-quantum 15 N η coherence that overcomes the hurdles associated with the line broadening caused by the rotation about the C ζ -N ε bond and the exchange of the 1 H η protons with the bulk solvent. We also present an application to the 19 kDa protein T4 lysozyme, where the double-quantum experiment allowed the observation of 13 C ζ -15 N η (DQ) coherences for all 13 arginine sidechains. The increased resolution provided by this experiment allows the measurement of small chemical shift perturbations of the arginine terminal amines, demonstrated here with a determination of the deuterium isotope shifts (Hansen 2000) which are expected to inform on salt-bridges and hydrogen bonding in biomolecules (Tomlinson et al. 2009; Williamson et al. 2013 ).
Materials and methods

Protein preparation
Uniformly labelled [ 13 C, 15 N]-T4 Lysozyme L99A was overexpressed and purified from Escherichia coli. BL21 (DE3) cells were grown at 37 °C in M9 minimal media supplemented with 1 g/L 15 NH 4 Cl and 3 g/L [ 13 C 6 ]-glucose as the sole nitrogen and carbon sources. The expression and purification was performed as described previously (Vallurupalli et al. 2009 ) with minor modifications. Cells were induced with 1 mM IPTG at OD 600 of ~ 1.0 before protein expression was allowed to proceed at 16 °C. Cells were harvested by centrifugation after 16 h. The resulting cell pellet was re-suspended and lysed by sonication before purification by ion-exchange (IEX) and gel-filtration (GF) chromatography. ESI-MS confirmed the sample was isotopically enriched to a level beyond 99.7%. The sample was exchanged into NMR buffer (50 mM sodium phosphate, 25 mM NaCl, 2 mM EDTA, 2 mM NaN 3 , pH 5.5, 1% D 2 O) and concentrated to ~ 2 mM. Samples for the measurement of deuterium isotope shifts were prepared by spiking the above samples with additional D 2 O to a final concentration of 10 vol.%.
NMR spectroscopy
All NMR experiments were carried out at 25 °C on Bruker Avance III(HD) spectrometers with 1 H operating frequencies of 500, 700 and 800 MHz and equipped with helium-cooled TCI (700, 800 MHz) or nitrogen-cooled Prodigy (500 MHz) inverse cryoprobes. The 1 H-15 N HSQC spectrum (Fig. 1b ) was acquired as a 1024 × 512 complex matrix with spectral widths of 16 ppm ( 1 H) and 80 ppm ( 15 N). Adiabatic 13 C decoupling was applied during t 1 and suppression of the H 2 O resonance was achieved using a water-selective flipback pulse (Andersson et al. 1998) . 16 scans were collected for each t 1 /t 2 increment with a recycle delay of 3.5 s resulting in a total experiment time of 71 h.
The spectra in Fig. 5 were collected as above using pulse sequences modified to include 2 H decoupling in the indirect dimension. The 2 H signal of the lock solvent was preserved by flanking the decoupling sequence with a pair of opposite phase 2 H pulses (y,− y), both of which were orthogonal to the decoupling field (x). NMR data was processed using NMRPipe (Delaglio et al. 1995) and subsequently analysed using the Analysis module of the CCPNMR package (Vranken et al. 2005) .
Results and discussion
The conventional approach to probe the chemical shift of an amine or an amide 15 N within a biomolecule involves the collection of 1 H-15 N correlation experiments, which make use of the 1 J HN scalar coupling between the 15 N nucleus and the directly bound proton (Bodenhausen and Ruben 1980) . This inverse-type experiment employs 1 H detection, which affords high sensitivity as well as an additional chemical H: 7 ppm. Narrow and wide bars represent 90° and 180° pulses, respectively, and are applied at maximum power. The delay Δ is 1/(4J CN ) = 12.5 ms. Shaped pulses are represented by bell shapes with letters indicating the shape of the pulse [E: E-BURP-2, R: RE-BURP (Geen and Freeman 1991) ] and are applied with durations of 1.5 ms (E) and 4.5 ms (R) at 16.4 T. Pulses are applied with x phase unless stated otherwise. The phase cycle used is φ 1 : x, − x, φ 2 : 2(x), 2(y), 2(− x), 2(− y), φ rec : x, 2(− x), x. Decoupling sequences are represented by striped boxes indicating the type of decoupling: WALTZ64 (Shaka et al. 1983; Zhou et al. 2007 ) (4 kHz), GARP4 (Shaka et al. 1985) (0.7 kHz). Gradient pulses of 1 ms are represented by black rectangles and applied with strengths of g1: 19.8 G/cm, g2: 5.9 G/cm, g3: 12.3 G/cm, g4: 16.6 G/cm, g5: 7.0 G/cm. b N correlations, in particular at physiological pH and at ambient temperature. Firstly, the directly bound 1 H ε and 1 H η protons of the guanidinium group undergo a rapid chemical exchange with the solvent, which lead to a line broadening in the 1 H dimension and an attenuation of the signals in the NMR experiment. In samples prepared at neutral and high pH, the line broadening and loss of signal intensity is so severe that it often prevents a detection of the signal, unless the proton in question is involved in a strong hydrogen bond (Zeymer et al. 2016) . In samples prepared at lower pH (< 6.5), the exchange is sufficiently slowed so that 1 H ε -15 N ε HSQC correlation spectra can be obtained (Morgan et al. 1999; Trbovic et al. 2009; Iwahara and Clore 2006 (Yoshimura et al. 2017 ). In the previous 13 C ζ -15 N ε HSQC experiment (Werbeck et al. 2013) , 13 C ζ equilibrium magnetisation is selectively excited using an Eburp-2 pulse (Geen and Freeman 1991) and transferred to the two-spin order longitudinal spin density matrix element, 2C z N z , using an INEPT (Morris and Freeman 1979) (Fig. 1c) . In spite of that many of the 13 C ζ -15 N η correlations are substantially broadened in the 15 N dimension and consequently overlapped.
Owing in part to the ability to form salt-bridges with negatively charged side-chains such as aspartic and glutamic acids, a range of C ζ -N ε bond rotational rates are typically observed for arginine residues in proteins (Nieto et al. 1997; Gerecht et al. 2017 ). How these rates affect the NMR spectra depends on both the rate of rotational exchange and the absolute chemical shift difference between the two exchanging sites; in this case 15 
, the signals coalesce and result in a broad resonance that is often at the limit of detection. This exchange-broadening is apparent for R14 and several signals around 157.0 ppm ( 13 C) in T4L99A (Fig. 1c ). An arginine single-quantum 13 C ζ -15 N ε/η experiment has been published recently (Yoshimura et al. 2017) , where the effect of chemical exchange is minimised by a combination of cross-polarisation and 13 C detection. Although the crosspolarisation quenches the exchange-broadening caused by the exchange with the solvent and the rotation about the C ζ -N ε bond during transfer steps, the resulting singlequantum 13 C ζ -15 N η spectrum still suffers from significant overlap. As described below a double-quantum coherence can be created that is insensitive to the rotation about the C ζ -N ε bond and thus unaffected by the line broadening resulting from this exchange process.
A
N η double-quantum experiment
The basic crux of our approach to characterise 15 N η chemical shifts is to create a double-quantum coherence that is insensitive to the rotation about the C ζ -N ε bond. Firstly, it is noted that the nature of the exchange between 15 The double-quantum component is selected by phase-cycling the 15 N excitation pulse (x,y) with a concomitant inversion of the receiver phase. Subsequently the selected double-quantum coherence, Shaka et al. 1983 ). Coupling to the 13 C ζ nucleus is refocused by a 180° 13 C pulse in the middle of the t 1 period. The evolution proceeds according to, where the DQ x coherence evolves with the sum of the two underlying 15 N frequencies (Ω Nη1 + Ω Nη2 ) during t 1 , and 
15
N pulse by 45° (Bax et al. 1981) .
It is important to note that in order to eliminate the effect of the exchange between the two 15 N η , the experiment has been designed such that the magnetisation of interest does not at any point exist as transverse single-quantum 15 N magnetisation.
(1)
Two-dimensional Fourier transformation of the interferogram results in a signal for each arginine residue with the 13 C ζ frequency along the direct dimension and the sum of the two coupled 15 N η frequencies, Ω N 1 + Ω N 2 , along the indirect dimension. The exchange of the two 15 N η sites with one another has no effect on the doublequantum frequency and thus the broad, featureless signals in the 13 C ζ -15 N η HSQC are rendered substantially sharper (Fig. 2b) . In the spectrum in Fig. 2b , a single peak is observed for each arginine residue and the data is processed such that the indirect chemical shift reflects the average of the two contributing 15 N η nuclei. The doublequantum experiment is particularly useful to probe flexible arginine side chains, where in the case of T4L99A all eight signals around 157.0 ppm ( 13 C) are well resolved. A disadvantage of the double-quantum experiment compared to the single-quantum experiment is the faster (ca. twofold) transverse relaxation during the indirect chemical shift evolution period, since the spin density matrix elements evolved,
, are transverse with respect to both 15 N η nuclei, which in turn relax with the two directly bound protons. The faster relaxation, which leads to lower signal-to-noise, only becomes significant for arginine sidechains that are rigid, for example, R95 and R148 (Werbeck et al. 2013) (Fig. 2b) . However, the rigid side-chains are typically less affected by the exchange process and so the data obtained from the 13 C ζ -15 N η HSQC experiment is often useful for these residues (Fig. 1c) . The substantially better resolution provided by the double-quantum experiment adequately compensates for the associated loss of signal for less rigid residues.
The rapid transverse relaxation of the 15 N η nuclei of rigid residues in medium-to-large proteins can be mitigated by preparing the sample in a 100% D 2 O buffer. Substitution of the 1 H η protons with deuterium leads to slower 15 N η transverse relaxation and thus sharper lines in the indirect dimension of the double-quantum experiment. However, the longitudinal relaxation time of the 13 C ζ nucleus also increases, which limits the permitted recycle rate of the experiment and increases the overall acquisition time. Whilst we have not observed a significant sensitivity gain per unit time using a 100% D 2 O buffer, recording spectra in 100% D 2 O could be useful in applications where experimental time is not a concern. Such an approach may enable the study of even larger proteins. (Werbeck et al. 2013 ) to provide a three-dimensional experiment for chemical shift assignment; Fig. 3 . Briefly, magnetisation proportional to 2C z N z is generated via an INEPT block with 13 
Accessing small and residue-specific chemical shift perturbations
The observed chemical shift of a particular nucleus in an NMR experiment is very sensitive to the local molecular environment. For many years, localised chemical shift changes in NMR spectra have been used to measure sidechain pK a s (Wang et al. 1996; Tollinger et al. 2002) , investigate ligand binding (Williamson 2013) and assess protein folding (Calzolai and Zahn 2003) . More recently, the magnitude of the deuterium isotope shift of lysine amines (Tomlinson et al. 2009; Williamson et al. 2013 ) has been used to infer the presence of solution-state salt-bridges in proteins. The technique relies on the detection of a small 15 N chemical shift difference observed for an amine when one or more of the bound 1 H are exchanged with deuterium (D) and thus highly resolved NMR spectra are essential. Arginine is very well suited to the formation of salt bridges and the deuterium isotope shift of the terminal -N η H 2 amines is likely to be a useful parameter to characterise salt-bridge formation in solution. It has previously not been possible to measure these potentially very small and useful isotope shifts using standard proton-detected NMR experiments due to the shortcomings of these experiments described above. However, the double-quantum experiment presented above opens up a possible route for determining the isotope shifts, (Fig. 5a) . The increased resolution afforded by the doublequantum experiment means that it is very well suited for the measurement of small chemical shift perturbations, such as the isotope shift, for the vast majority of arginine residues; particularly those that are in intermediate exchange regimes (Fig. 5b; Table 1 ). Even at a temperature of 278 K, where the rotational correlation time of T4L99A approaches 20 ns, the majority of these flexible arginine side-chains are still well resolved ( Figure S1 ).
The obtained isotope shifts for the flexible arginine residues of T4L99A correlate very closely with the value measured for free arginine. This suggests that the solventexposed and flexible residues are not involved in any significant interactions. It should be noted that due to the nature of the double-quantum experiment, the individual isotope shift of 15 N η1 and 15 N η2 cannot be distinguished using this sequence. Nonetheless, an important experimental parameter that reports on interactions of the arginine side-chain can be obtained. Further NMR experiments combined with theoretical approaches to further characterise the hydrogen-bonding and salt-bridging behaviour of arginine residues are on-going.
Summary and conclusion
In summary, we presented pulse schemes to characterise arginine side-chain 15 15 N η2 ) site-specific information for the well-resolved resonances. An application to the 19 kDa T4L99A protein demonstrated the strengths of the double-quantum experiment and allowed the quantification of small deuterium isotope shifts to provide information on the interactions of the arginine side-chain guanidinium group. The magnitude of the detected isotope shifts showcases the high resolution of this experiment and suggests its potential application to many other applications where residue-specific chemical shift perturbations are of interest. The presented experiments add to a growing list of methods for characterising functional protein side-chains, which ultimately will allow a quantification of the structure, dynamics, and interactions of side-chains in solution to a level where their specific contribution to enzymatic function and protein interactions can be elucidated. 
